Introduction
============

Small interfering RNA (siRNA) is a synthetic double-stranded RNA composed of 21--23 nucleotides, which leads to a reduction in the level of messenger RNA (mRNA) by suppressing the expression of the target gene.[@b1-ijn-11-3065],[@b2-ijn-11-3065] siRNA holds great promise as a powerful research tool and represents a novel method for cancer therapy.[@b3-ijn-11-3065],[@b4-ijn-11-3065] However, the therapeutic applications of siRNA have been limited by its strong negative charge, instability under nuclease, and low transfection efficiency, which lead to rapid enzymatic degradation and inability to cross the cell membrane.[@b5-ijn-11-3065],[@b6-ijn-11-3065] Recently, different kinds of gene vectors, including lipids, peptides, iron oxide, silica, gold nanoparticles, and cationic polymers have been investigated widely as carriers for siRNA delivery.[@b7-ijn-11-3065]--[@b9-ijn-11-3065] The major challenge of effective delivery systems is to avoid potentially toxic side effects and low transfection efficiency. As one of the most traditional polycationic polymers, polyethylenimine (PEI) has been developed to protect the siRNA release from endosomes to achieve gene delivery.[@b10-ijn-11-3065]--[@b13-ijn-11-3065] Heat shock proteins (HSPs) are named according to their molecular weight, as three major members of the HSP family, HSP27, HSP70, and HSP90 are related to human cancer.[@b14-ijn-11-3065] HSP70 is normally at low levels, but it is inducible under protein damage and overexpressed in different tumor types.[@b15-ijn-11-3065] Because of its ability to induce antitumor immune responses, HSP70 provides an innovative approach for cancer immunotherapy.[@b16-ijn-11-3065] Serum level of HSP70 could be a sensitive marker for the diagnosis of hepatocellular carcinoma.[@b17-ijn-11-3065] As a potential target for tumor treatment, many HSP70 inhibitors were synthesized based on the HSP70 N-terminal nucleotide that may reduce the viability of resistant cancer cells.[@b18-ijn-11-3065] In addition, HSP70 regulates apoptosis signaling pathways for cell growth and survival, such as Bcl-2 and p53.[@b19-ijn-11-3065] Here, we attempt to clarify the role of HSP70 in HepG2 cells by detecting the effects of specific downregulation of HSP70 protein using siRNA approaches.

Selenium (Se) is an important trace element and necessary for mammalian life; it plays a crucial role in human health and regulates many crucial cellular functions.[@b20-ijn-11-3065],[@b21-ijn-11-3065] Cancer nanotechnology has opened up a new horizon for cancer diagnosis, and Se nanoparticles (SeNPs) have exhibited higher anticancer efficacy and lower side effects compared to inorganic and organic selenocompounds.[@b22-ijn-11-3065] SeNPs with their small size and higher surface-to-volume ratio are attracting increasing attention for their excellent bioavailability.[@b23-ijn-11-3065] As special Se species with application potential as drug carriers, SeNPs have attracted much attention in drug discovery.[@b24-ijn-11-3065] Liu et al[@b25-ijn-11-3065] reported the use of SeNPs as carriers of 5-fluorouracil to enhance anticancer efficacy. SeNPs' conjugation of transferrin could increase their anticancer activity as reported by Huang et al.[@b26-ijn-11-3065] SeNPs functionalized with polyethylene glycol were designed to overcome drug resistance in hepatocellular carcinoma HepG2 cells by Zheng et al.[@b27-ijn-11-3065] SeNPs were used with surface decoration by *Gracilaria lemaneiformis* polysaccharide to achieve enhanced anticancer efficacy by Jiang et al.[@b28-ijn-11-3065] SeNPs are superior because they are degradable in vivo and can be used as nutrients for many kinds of normal cells or as antiproliferative agents for many kinds of cancer cells.[@b29-ijn-11-3065] Functionalized SeNPs could be internalized by cancer cells through endocytosis, which induces apoptotic cell death by triggering mitochondria-mediated apoptosis pathways.[@b30-ijn-11-3065],[@b31-ijn-11-3065] In the present study, we demonstrated the rational design and synthesis of PEI-conjugated SeNPs for siRNA delivery to achieve cancer cell apoptosis. HSP70 mRNA is immediately degraded through complementary pairing with HSP70 siRNA in the RNA-induced silencing complex. HepG2 cells are thereby depleted of HSP70, and their protective function and cellular sensitivity to cell death induced by SeNPs are increased. This study may provide an effective rational template for chemotherapy and gene therapy technology.

Materials and methods
=====================

Materials
---------

Branched PEI with a molecular weight of 25 kDa, Na~2~SeO~3~, coumarin-6, thiazolyl blue tetrazolium bromide (MTT), propidium iodide, bicinchoninic acid kit, 4′,6′-diamidino-2-phenyindole (DAPI), 2′,7′-dichlorofluorescein diacetate, and caspase-3 substrate (Ac-DEVD-AMC) were obtained from Sigma-Aldrich (St Louis, MO, USA). Terminal transferase dUTP nick end labeling (TUNEL) assay kit and Annexin-V-FLUOS staining kit were purchased from Roche Applied Science (Basel, Switzerland). Vitamin C was purchased from Guangzhou chemical reagent factory (Guangzhou, People's Republic of China). HSP70 siRNA was purchased from Santa Cruz Biotechnology (Dallas, TX, USA). LO2 (normal human liver cell line) was purchased from Shanghai Institute of Biochemistry and Cell Biology (Shanghai, People's Republic of China). HepG2 cell line was purchased from American Type Culture Collection (ATCC^®^ CCL-136™; Manassas, VA, USA) and incubated in Dulbecco's Modified Eagle's Medium (DMEM) (HyClone, Thermo Fisher Scientific Inc., Waltham, MA, USA) containing antibiotic and fetal bovine serum (Gibco Life Technologies, Grand Island, NY, USA) (10%), 100 units/mL penicillin, and 50 units/mL streptomycin (HyClone, Thermo Fisher Scientific Inc.) in a humidified incubator at 37°C with 5% CO~2~ atmosphere.

Preparation and characterization of siRNAs with PEI-modified Se nanoparticles (Se\@PEI\@siRNA)
----------------------------------------------------------------------------------------------

Se\@PEI\@siRNA nanoparticles were prepared as follows: Briefly, 2 mL of 50 mM vitamin C solution was added drop-wise into 0.25 mL 0.1 M Na~2~SeO~3~ under magnetic stirring for half an hour at room temperature at a final volume of 25 mL. The synthesized SeNPs were centrifuged to remove the untreated chemicals. Then, 2 mL of SeNP solution was added to 3.792 mg PEI and 12 μL of 10 μM siRNA. After stirring for 1 hour, the Se\@PEI\@siRNA complex was purified by centrifugation at 10,000 rpm for 10 minutes and redispersed in Milli-Q water. The morphology, particle zeta potential, and size distribution of SeNPs, Se\@PEI, and Se\@PEI\@siRNA were characterized by transmission electron microscope and Zetasizer Nano ZS particle analyzer (Malvern Instruments Limited, Manchester, UK).

Determination of siRNA complexation by gel retardation assay
------------------------------------------------------------

The encapsulation degree between siRNA and Se\@PEI was assessed by agarose gel electrophoresis.[@b32-ijn-11-3065],[@b33-ijn-11-3065] Se\@PEI\@siRNA were loaded onto 1% agarose gels with GoldView at 100 V for 30 minutes in Tris/borate/ethylenediaminetetraacetic acid buffer. Retardation of siRNA mobility was visualized by ultraviolet light and gel photography.

In vitro siRNA release
----------------------

Se\@PEI\@siRNA were dispersed in pH 7.4 and pH 5.3. The release rate of siRNA was detected by Eppendorf Biophotometer Plus (Hamburg, Germany) (the wavelength of siRNA was 260 nm). In vitro siRNA release of Se\@PEI@ siRNA was measured as previously reported.[@b34-ijn-11-3065]

Cell culture and cell viability assay
-------------------------------------

The HepG2 cells were incubated in DMEM containing antibiotic and fetal bovine serum (10%), 100 units/mL penicillin, and 50 units/mL streptomycin in a humidified incubator at 37°C with 5% CO~2~ atmosphere. The cytotoxicity of Se@ PEI\@siRNA was determined using MTT assay as previously described.[@b35-ijn-11-3065]--[@b37-ijn-11-3065] Briefly, HepG2 cells were seeded in 96-well culture plates at a density of 4×10^4^ cells per well at 37°C for 24 hours. Then, the cells were treated with Se\@PEI\@siRNA at different concentrations for different periods of time. After treatment, 20 μL/well of MTT solution (5 mg/mL in phosphate-buffered saline \[PBS\]) was added and incubated for another 5 hours. The medium was removed and replaced with 150 μL/well dimethyl sulfoxide to dissolve the formazan crystals. The color intensity of the formazan solution, which reflects the cell viability, was measured at 570 nm using a microplate spectrophotometer (VersaMax Molecular Devices Corporation, CA, USA). This study was conducted in accordance with the Declaration of Helsinki, and with approval from the Ethics Committee of Guangzhou Women and Children's Medical Center.

Intracellular localization and cellular uptake of Se\@PEI\@siRNA
----------------------------------------------------------------

Endocytosis is one of the most important pathways for cellular uptake of extracellular nanoparticles.[@b38-ijn-11-3065]--[@b40-ijn-11-3065] To examine the intracellular translocation of the nanoparticles, the localization of Se\@PEI\@siRNA in HepG2 cells was tracked by simultaneous staining of cell nucleus and lysosome by DAPI and LysoTracker (Thermo Fisher Scientific). Treated cells cultured on a cover glass in 6-well plates were incubated until 70% confluence with different concentrations of coumarin-6-loaded Se\@PEI@ siRNA for various periods of time. The cells were then washed three times with PBS and examined under a fluorescence microscope. The localization of coumarin-6-labeled Se@ PEI\@siRNA in HepG2 cells was monitored by DAPI and LysoTracker Red as previously described.[@b41-ijn-11-3065] The mechanisms of cellular uptake of Se\@PEI\@siRNA in HepG2 cells were investigated by endocytosis inhibitors.[@b42-ijn-11-3065]

Flow cytometric analysis
------------------------

Flow cytometry was used to characterize the effect of Se\@PEI\@siRNA on cell cycle distribution as previously reported.[@b43-ijn-11-3065] The cells incubated with Se\@PEI\@siRNA were collected and centrifuged at a speed of 1,500 rpm for 10 minutes. The harvested cells were fixed with 70% ethanol at −20°C overnight followed by propidium iodide staining. The proportion of cells in G0/G1, S, and G2/M phases was represented as a DNA histogram. Apoptotic cells with hypodiploid DNA content were measured by quantifying the sub-G1peak in the cell cycle pattern.

TUNEL assay and DAPI staining
-----------------------------

DNA fragmentation was examined with fluorescence staining by the TUNEL apoptosis detection kit according to the manufacturer's instructions.[@b44-ijn-11-3065] Briefly, HepG2 cells cultured in chamber slides were fixed with 3.7% formaldehyde and then permeabilized with 0.1% Triton X-100 in PBS. The HepG2 cells were labeled with TUNEL reaction mixture for 1 hour. For nuclear staining, the cells were incubated with 1 μg/mL of DAPI for 15 minutes at 37°C. The cells were rinsed with PBS and then observed under a fluorescence microscope (Nikon Eclipse 80i, Tokyo, Japan).

Caspase-3 activity
------------------

Caspase activity was determined using a fluorometric method as described previously.[@b45-ijn-11-3065] Harvested cell pellets were suspended in cell lysis buffer and incubated on ice for 1 hour. After centrifugation at 11,000× *g* for 30 minutes, supernatants were collected and immediately measured for protein concentration and caspase activity. For determination of caspase activity, cell lysates were added in 96-well plates and then incubated with specific caspase-3 substrates (Ac-DEVD-AMC) for 1 hour at 37°C. Caspase-3 activity was determined by fluorescence intensity with the excitation and emission wavelengths set at 380 and 460 nm, respectively.

The efficacy of silencing the HSP70 mRNA by real-time quantitative PCR
----------------------------------------------------------------------

The expression of HSP70 was quantitatively detected using real-time quantitative polymerase chain reaction (Q-PCR) technique.[@b46-ijn-11-3065] The following primers were used in Q-PCR experiments. The sequences of primers were as follows: HSP70 primers (forward: 5′-CAGAUUGGAGCAUUUGUGUdTdT-3′, reverse: 5′-ACACAAAUGCUCCAAUCUGdTdT-3′), scrambled siRNA (forward: 5′-AAGAUUCGAGCGUGUGAGUdTdT-3′, reverse: 5′-CCACACAUGCUACAGUCUGdTdT-3′), β-actin primers (forward: 5′-GATATCGCCGCGCTCGTCGTC-3′, and reverse: 5′-TTCTGACCCATGCCCACCATCAC-3′). Scrambled siRNA and Lipofectamine 2000 were used as control to confirm the specificity of the cytotoxic effect of HSP70 knockdown.

Determination of reactive oxygen species generation
---------------------------------------------------

Reactive oxygen species (ROS) accumulation induced by Se@ PEI\@siRNA-treated HepG2 cells was estimated by staining cells with dichlorofluorescein fluorescence assay as previously described.[@b37-ijn-11-3065] Briefly, the cells were harvested and suspended in PBS containing 10 mM of 2′,7′-dichlorofluorescein diacetate. After incubation at 37°C for 30 minutes, the stained cells were collected and resuspended in PBS. Then, the ROS level was determined by measuring the fluorescence intensity using a microplate reader with excitation and emission wavelengths set at 500 and 529 nm, respectively.

Western blotting analysis
-------------------------

The effects of Se\@PEI\@siRNA on the expression levels of various intracellular proteins in HepG2 cells were detected by Western blotting as previously reported.[@b47-ijn-11-3065],[@b48-ijn-11-3065] HepG2 cells with Se\@PEI\@siRNA treatment for 24 hours were incubated with lysis buffer to obtain total cellular proteins. The protein concentration was examined by bicinchoninic acid assay. An equal amount of protein was electrophoresed in 12% tricine gels and blocked with 5% non-fat milk in Tris-buffered saline Tween-20 buffer for 1 hour. The membranes were incubated with primary antibodies at 1:1,000 dilutions overnight at 4°C with continuous agitation. Then, the membranes were incubated with secondary antibodies conjugated with horseradish peroxides at 1:1,000 dilutions for 2 hours at room temperature, followed by washing three times with Tris-buffered saline Tween-20 buffer. The bolts were developed with enhanced chemiluminescence reagent using an enhanced chemiluminescence kit that examined the target proteins on the X-ray film.

Statistical analysis
--------------------

All the data are presented as mean ± standard deviation (SD). Differences between the two groups were evaluated using two-tailed Student's *t*-test. One-way analysis of variance was used in multiple-group comparisons. These analyses were carried out by SPSS 13.0 (SPSS Inc., Chicago, IL, USA). A difference of *P*\<0.05 (\*) or *P*\<0.01 (\*\*) was considered statistically significant.

Results and discussion
======================

Characterization of Se\@PEI\@siRNA
----------------------------------

In this study, we demonstrated a simple method to synthesize functionalized SeNPs through self-assembly of functional ligands on the surface of nanoparticles. SeNPs were capped with PEI and siRNA to form more compact and stable globular nanocomposites ([Figure 1](#f1-ijn-11-3065){ref-type="fig"}). The morphology of as-prepared Se\@PEI\@siRNA was first characterized by transmission electron microscope. Compared with SeNPs and Se\@PEI, Se\@PEI\@siRNA presented uniform and monodisperse spherical particles as shown in [Figure 2A](#f2-ijn-11-3065){ref-type="fig"}. The zeta potential ([Figure 2B](#f2-ijn-11-3065){ref-type="fig"}) of Se\@PEI\@siRNA with positive charge explains why Se\@PEI\@siRNA entered more easily into the cell. Regarding size distribution of different nanoparticles were shown in [Figure 2C](#f2-ijn-11-3065){ref-type="fig"}. The binding capacity to HSP70 siRNA was further analyzed by agarose gel electrophoresis as shown in [Figure 2D](#f2-ijn-11-3065){ref-type="fig"}, the binding capability of Se\@PEI to HSP70 siRNA was enhanced with the weight ratio. When the weight ratio was over 40:1, almost all the HSP70 siRNAs were restrained with the nanocomposites. As shown in [Figure 2E](#f2-ijn-11-3065){ref-type="fig"}, the result revealed that Se\@PEI\@siRNA remained stable at least for 30 days. The small size of Se\@PEI\@siRNA with zeta potential contributed to the highly stability of the nanostructures and the ability to cross the cell membrane. The binding capacity to HSP70 siRNA was further analyzed by agarose gel electrophoresis as shown in [Figure 2D](#f2-ijn-11-3065){ref-type="fig"}; the binding capability of Se\@PEI to HSP70 siRNA was enhanced with the weight ratio. When the weight ratio was over 40:1, almost all the HSP70 siRNAs were restrained with the nanocomposites. The siRNA release capacity from Se\@PEI\@siRNA was detected at pH 7.4 and 5.3 ([Figure 2F](#f2-ijn-11-3065){ref-type="fig"}). The extremely rapid release rate of siRNA from Se\@PEI\@siRNA at pH 5.3 is due to the acidolysis of nanoparticles. This hydrolysis behavior of siRNA in response to acid pH.

In vitro anticancer activity of Se\@PEI\@siRNA
----------------------------------------------

The expression level of HSP70 protein in cancer and normal cells was detected by Western blotting. As shown in [Figure 3A](#f3-ijn-11-3065){ref-type="fig"}, the expression level of HSP70 in HepG2 cells was significantly higher than in LO2 cells, suggesting HSP70-guided selectivity among HepG2 and LO2 cells. The anticancer activity of SeNPs and Se\@PEI\@siRNA was evaluated by MTT assay, which determines the cells' survival rate and reflects their growth states. As shown in [Figure 3B--D](#f3-ijn-11-3065){ref-type="fig"}, SeNPs showed nontoxicity as gene delivery systems. Se\@PEI\@siRNA effectively suppressed HepG2 cells' growth in a dose-dependent manner, but exhibited low cytotoxicity toward LO2 cells. As shown in [Figure 3E](#f3-ijn-11-3065){ref-type="fig"}, HepG2 cells treated with different concentrations of Se@ PEI\@siRNA showed cytoplasmic shrinkage, reduction in cells numbers, and loss of cell-to-cell contact. The results suggest that Se\@PEI\@siRNA effectively inhibited the proliferation of HepG2 cells.

Intracellular localization and cellular uptake of Se\@PEI\@siRNA
----------------------------------------------------------------

Endocytosis is one of the most important pathways for cellular uptake of extracellular nanoparticles. As shown in [Figure 4A](#f4-ijn-11-3065){ref-type="fig"}, the colocalization of Se\@PEI\@siRNA and lysosomes was found in HepG2 cells, and increased in a time-dependent manner. Se\@PEI\@siRNA escaped from lysosomes after 60 minutes and were transported into the cytosol and distributed in the cells after 90 minutes. To further dissect the Se\@PEI\@siRNA endocytosis mechanism, we used different endocytosis inhibitors to treat the cells before the addition of Se\@PEI\@siRNA. As shown in [Figure 4B](#f4-ijn-11-3065){ref-type="fig"}, treatments of NaN~3~ and 2-deoxyglucose markedly inhibited the internalization of Se\@PEI\@siRNA to 50% of the control. Dynasore and nystatin decreased the Se\@PEI\@siRNA internalization to 62% and 70% of the control, respectively. Moreover, sucrose induced the uptake of Se\@PEI\@siRNA to 65%. This result demonstrates that lysosome is the target organelle of Se@ PEI\@siRNA. Se\@PEI\@siRNA showed time-dependent cell-penetration for cancer therapy.

Induction of cancer cell apoptosis by Se\@PEI\@siRNA
----------------------------------------------------

Flow cytometry and TUNEL-DAPI were employed to examine the anticancer mechanisms of Se\@PEI\@siRNA. As shown in [Figure 5A](#f5-ijn-11-3065){ref-type="fig"}, the sub-G1 apoptotic cell population significantly increased in the DNA histogram in a dose-dependent manner. For instance, Se\@PEI\@siRNA significantly increased the apoptotic cell population from 1.6% (control) to 55.2% at concentrations of 2.5 nM (siRNA), while no significant change in cell cycle distribution was observed. DNA fragmentation is an important biochemical hallmark of cell apoptosis. As shown in [Figure 5B](#f5-ijn-11-3065){ref-type="fig"}, HepG2 cells exhibited typical apoptotic features with increased concentrations of Se\@PEI\@siRNA, such as DNA fragmentation and nuclear condensation.

Induction of caspase-mediated poly (ADP-ribose) polymerase (PARP) cleavage by Se\@PEI\@siRNA
--------------------------------------------------------------------------------------------

PARP, a DNA repair enzyme, is downstream of caspase family proteins in apoptosis pathways. Caspase-3 has been identified as a key mediator of apoptosis in mammalian cells. Caspase-3 and the subsequent cleavage of PARP were examined by Western blotting to evaluate their involvement and contribution to cell apoptosis. As shown in [Figure 6A](#f6-ijn-11-3065){ref-type="fig"}, the treatment of HepG2 cells with different concentrations of Se\@PEI\@siRNA significantly increased the activity of caspase-3 in a dose-dependent manner. As shown in [Figure 6B](#f6-ijn-11-3065){ref-type="fig"}, the expression level of caspase-3 and PARP were downregulated with a rise in concentration. The results show that Se\@PEI\@siRNA significantly enhanced the activation of caspase-3 and the cleavage of downstream effect PARP. Taken together, these results confirm that the synthetic nanosystem inhibits cancer cell growth through inducing cell apoptosis.

Suppression of HSP70 mRNA and protein expression by Se\@PEI\@siRNA
------------------------------------------------------------------

Inhibition of gene expression has been found to be an effective strategy to suppress cancer growth. In this study, the efficacy of silencing HSP70 gene with Se\@PEI\@siRNA in HepG2 cells was examined by Q-PCR and Western blotting. As shown in [Figure 7A](#f7-ijn-11-3065){ref-type="fig"}, the level of HSP70 mRNA expression was reduced in the cells exposed to Se\@PEI@ siRNA. Compared with Se\@PEI\@scramble siRNA and Lipofectamine 2000\@siRNA, the higher silencing efficiency of Se\@PEI\@siRNA could be due to its positive charge and cancer-targeted delivery. The expression of HSP70 was evaluated by Western blotting. As shown in [Figure 7B](#f7-ijn-11-3065){ref-type="fig"}, Se@ PEI\@siRNA effectively inhibited the expression of HSP70 in HepG2 cells. Both Q-PCR and Western blotting prove that Se\@PEI\@siRNA exhibit the ability to silence HSP70 at mRNA and protein levels, which may control the cell fate by regulation of downstream effectors.

Induction of ROS generation by Se\@PEI\@siRNA
---------------------------------------------

ROS generation has been regarded as a critical regulator of cell apoptosis, especially that induced by anticancer drugs. Mitochondria are the energy factories of cellular activities, but a variety of factors can result in damage to the structure and function of mitochondria and further induce cell apoptosis. ROS were generated from mitochondria that were attacked by Se\@PEI\@siRNA. Therefore, in this study, ROS generation was determined by DCF fluorescence assay to reveal its role in the action mechanisms of Se\@PEI\@siRNA. As shown in [Figure 8A](#f8-ijn-11-3065){ref-type="fig"}, the nanosystem increased the intracellular ROS generation in a dose-dependent manner in HepG2 cells. For instance, Se\@PEI\@siRNA increased the intracellular ROS generation to 180% and 250% at concentrations of 2.5 and 5 nM, respectively. The stronger fluorescent intensity of DCF was also found in HepG2 cells in [Figure 8B](#f8-ijn-11-3065){ref-type="fig"}. These results indicate the involvement of ROS in the anticancer action of Se\@PEI\@siRNA.

Activation of ROS-mediated signaling pathways by Se\@PEI\@siRNA
---------------------------------------------------------------

Intracellular ROS overproduction could trigger DNA damage and result in cell apoptosis through the regulation of AKT and p53 signaling pathways. Due to the detection of ROS overproduction in cells exposed to Se\@PEI\@siRNA, we tried to examine the effects on the ROS-mediated downstream pathways by using Western blotting. As shown in [Figure 9A](#f9-ijn-11-3065){ref-type="fig"}, treatment with Se\@PEI\@siRNA effectively suppressed the expression levels of total and phosphorylated AKT in HepG2 cells. Similarly, for the p53 signaling pathway, Se\@PEI@ siRNA significantly increased the expression levels of p-p53 protein and total p53 ([Figure 9B](#f9-ijn-11-3065){ref-type="fig"}). Taken together, these results support the fact that the nanosystem induces cancer cell apoptosis by regulation of ROS-mediated AKT and p53 signaling pathways ([Figure 9C](#f9-ijn-11-3065){ref-type="fig"}).

Conclusion
==========

In summary, PEI-modified SeNPs loaded with HSP70 siRNA have been successfully fabricated in the present study. As the expression of HSP70 was diminished, the cell protective function was also removed, and cancer cells became more sensitive to Se\@PEI\@siRNA. Se\@PEI\@siRNA exhibited enhanced cytotoxic effects on human cancer cells through the silencing of HSP70 expression. The gene-silencing efficiency of Se\@PEI\@siRNA was significantly much higher than Lipofectamine 2000\@siRNA. The nanosystem entered cancer cells by endocytosis for intracellular delivery. Moreover, the selective delivery of HSP70 siRNA using the nanosystem resulted in a significantly reduced HSP70 mRNA and protein expression in the cancer cells through the regulation of ROS-mediated downstream signaling pathways, including AKT and p53 pathways. Taken together, this study provides a strategy for design of a nanosystem as a carrier of siRNA for cancer therapy.
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![Synthetic route of Se\@PEI\@siRNA.\
**Abbreviations:** PEI, polyethylenimine; SeNPs, selenium nanoparticles; Se\@PEI@ siRNA, small interfering RNAs with PEI-modified selenium nanoparticles; VC, vitamin C.](ijn-11-3065Fig1){#f1-ijn-11-3065}

![Characterization of Se\@PEI\@siRNA.\
**Notes:** (**A**) TEM images of SeNPs, Se\@PEI, and Se\@PEI\@siRNA, scale bar 200 nm. (**B**) Zeta potentials of SeNPs, Se\@PEI, and Se\@PEI\@siRNA. (**C**) Size distribution of SeNPs, Se\@PEI, and Se\@PEI\@siRNA. (**D**) Agarose gel retardation assay of Se\@PEI/siRNA complexes at various ratios. Naked siRNA was used as control. (**E**) Stability of Se\@PEI\@siRNA in 10% fetal bovine serum. (**F**) In vitro release profiles of siRNA from Se\@PEI\@siRNA at pH 7.4 and 5.3. Bars with different characters are statistically different at *P*\<0.05 (\*) level.\
**Abbreviations:** SeNP, selenium nanoparticle; Se\@PEI\@siRNA, small interfering RNAs with polyethylenimine-modified SeNPs; TEM, transmission electron microscope.](ijn-11-3065Fig2){#f2-ijn-11-3065}

![Effects of Se\@PEI\@siRNA on the growth of HepG2 cells as examined by MTT assay.\
**Notes:** (**A**) HSP70 expression in HepG2 and LO2 cells. Western blotting was applied to determine the expression level of HSP70. (**B**--**D**) Antitumor activity of Se\@PEI@ siRNA on HepG2 cells and normal cells was measured by MTT assay. (**E**) Morphological changes in HepG2 cells observed by phase-contrast microscopy (magnification, ×40). Bars with different characters are statistically different at *P*\<0.05 (\*) or *P*\<0.01 (\*\*) level.\
**Abbreviations:** HSP, heat shock protein; LO2, normal human liver cell line; MTT, thiazolyl blue tetrazolium bromide; SeNP, selenium nanoparticle; Se\@PEI\@siRNA, small interfering RNAs with polyethylenimine-modified SeNPs.](ijn-11-3065Fig3){#f3-ijn-11-3065}

![Localization and uptake pathways of coumarin-6-loaded Se\@PEI\@siRNA in HepG2 cells.\
**Notes:** (**A**) The cells were treated with coumarin-6-loaded Se\@PEI\@siRNA for different periods of time and were observed under a fluorescent microscope stained with LysoTracker (red fluorescence, lysosome) and DAPI (blue fluorescence, nucleus) (magnification, ×100). (**B**) Intracellular uptake of Se\@PEI\@siRNA in HepG2 cells with different endocytosis-inhibited conditions. Significant difference between treatment and control group is indicated at *P*\<0.01 (\*\*) level.\
**Abbreviations:** DAPI, 4′,6′-diamidino-2-phenyindole; DOG, 2-deoxyglucose; Se\@PEI\@siRNA, small interfering RNAs with polyethylenimine-modified selenium nanoparticles; min, minutes.](ijn-11-3065Fig4){#f4-ijn-11-3065}

![Se\@PEI\@siRNA-induced apoptosis in HepG2 cells.\
**Notes:** (**A**) The cell cycle distribution after different treatments was analyzed by quantifying DNA content using flow cytometry analysis. (**B**) Representative photomicrographs of DNA fragmentation and nuclear condensation as detected by TUNEL-DAPI costaining assay. All results were representative of three independent experiments (magnification, ×100).\
**Abbreviations:** DAPI, 4′,6′-diamidino-2-phenyindole; Se\@PEI\@siRNA, small interfering RNAs with polyethylenimine-modified selenium nanoparticles; TUNEL, terminal transferase dUTP nick end labeling.](ijn-11-3065Fig5){#f5-ijn-11-3065}

![Induction of PARP cleavage and caspase-3 activity by Se\@PEI\@siRNA in HepG2 cells.\
**Notes:** (**A**) Cells were treated with Se\@PEI\@siRNA for 24 hours, and caspase-3 activity was measured using synthetic fluorogenic substrate. (**B**) The expression of PARP and caspase-3 by Western blot; β-actin was used as loading control. Bars with different characters are statistically different at *P*\<0.05 (\*) or *P*\<0.01 (\*\*) level.\
**Abbreviations:** PARP, poly (ADP-ribose) polymerase; Se\@PEI\@siRNA, small interfering RNAs with polyethylenimine-modified selenium nanoparticles.](ijn-11-3065Fig6){#f6-ijn-11-3065}

![Suppression of HSP70 mRNA and protein expression in HepG2 cells among Se\@PEI\@scramble siRNA, Se\@PEI\@siRNA, and Lipofectamine 2000\@siRNA.\
**Notes:** (**A**) Suppression of HSP70 mRNA levels was quantified by Q-PCR. (**B**) The expression of HSP70 was evaluated by Western blot. Bars with different characters are statistically different at *P*\<0.05 (\*) or *P*\<0.01 (\*\*) level.\
**Abbreviations:** HSP, heat shock protein; mRNA, messenger RNA; Q-PCR, quantitative polymerase chain reaction; Se\@PEI\@siRNA, small interfering RNAs with polyethylenimine-modified selenium nanoparticles.](ijn-11-3065Fig7){#f7-ijn-11-3065}

![ROS overproduction induced by Se\@PEI\@siRNA in HepG2 cells.\
**Notes:** (**A**) Changes of intracellular ROS generation. ROS levels were detected by DCF fluorescence intensity. (**B**) HepG2 cells were preincubated with 10 μM DCF for 30 minutes and then treated with Se\@PEI\@siRNA (magnification, ×100). Bars with different characters are statistically different at *P*\<0.05 (\*) or *P*\<0.01 (\*\*) level.\
**Abbreviations:** DCF, dichlorofluorescein; ROS, reactive oxygen species; Se\@PEI\@siRNA, small interfering RNAs with polyethylenimine-modified selenium nanoparticles.](ijn-11-3065Fig8){#f8-ijn-11-3065}

![Activation of intracellular apoptotic signaling pathways by Se\@PEI\@siRNA in HepG2 cells.\
**Notes:** (**A**) Phosphorylation status expression levels of AKT pathways. (**B**) Activation of p53 signaling pathway. (**C**) The main signaling pathway of apoptosis induced by Se\@PEI\@siRNA.\
**Abbreviations:** HSP, heat shock protein; PARP, poly (ADP-ribose) polymerase; ROS, reactive oxygen species; SeNP, selenium nanoparticle; Se\@PEI\@siRNA, small interfering RNAs with polyethylenimine-modified selenium nanoparticles.](ijn-11-3065Fig9){#f9-ijn-11-3065}
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